In Brief
In Brief
Hormone-dependent plant growth requires sugar as an energy source and cell-wall material. Zhang et al. describe a link between sugar-TOR signaling and brassinosteroid signaling through the BZR1 transcription factor, which balances steroid-promoted growth with carbon availability in plants.
For maintenance of cellular homeostasis, the actions of growth-promoting hormones must be attenuated when nutrient and energy become limiting. The molecular mechanisms that coordinate hormonedependent growth responses with nutrient availability remain poorly understood in plants [1, 2] . The target of rapamycin (TOR) kinase is an evolutionarily conserved master regulator that integrates nutrient and energy signaling to regulate growth and homeostasis in both animals and plants [3] [4] [5] [6] [7] . Here, we show that sugar signaling through TOR controls the accumulation of the brassinosteroid (BR)-signaling transcription factor BZR1, which is essential for growth promotion by multiple hormonal and environmental signals [8] [9] [10] [11] . Starvation, caused by shifting of light-grown Arabidopsis seedlings into darkness, as well as inhibition of TOR by inducible RNAi, led to plant growth arrest and reduced expression of BR-responsive genes. The growth arrest caused by TOR inactivation was partially recovered by BR treatment and the gain-of-function mutation bzr1-1D, which causes accumulation of active forms of BZR1 [12] . Exogenous sugar promoted BZR1 accumulation and seedling growth, but such sugar effects were largely abolished by inactivation of TOR, whereas the effect of TOR inactivation on BZR1 degradation is abolished by inhibition of autophagy and by the bzr1-1D mutation. These results indicate that cellular starvation leads sequentially to TOR inactivation, autophagy, and BZR1 degradation. Such regulation of BZR1 accumulation by glucose-TOR signaling allows carbon availability to control the growth promotion hormonal programs, ensuring supply-demand balance in plant growth.
RESULTS

TOR Is Required for Sugar-Induced Hypocotyl Elongation in the Dark
Plants respond to shade or darkness by elongating their shoot organs in order to reach light, but cell elongation requires sugar as both an energy source and the building blocks of cell walls [2] . Under normal diurnal cycles, shoot organ elongation in the dark period is sustained by starch stored during the day. When the dark period is extended beyond the normal diurnal cycles, starch reserve runs out and seedlings experience carbon starvation due to lack of photosynthesis [13] . Under such starving conditions, growth is arrested; however, exogenous application of sugar dramatically increases hypocotyl elongation [14] . Sugar regulation of plant growth can be mediated by the hexokinase1 (HXK1) or target of rapamycin (TOR) pathways [6, 15] . The growth of the HXK1-deficient mutant gin2-1 is arrested in highlight conditions [15] , whereas TOR has been reported to promote root meristem growth in response to nutrient availability [6] and inhibit autophagy induced by starvation [16] . To determine the sugar-signaling pathway that mediates the sugar-dependent hypocotyl elongation, we tested the gin2-1 and tor mutants for sugar-dependent hypocotyl elongation. Consistent with previous reports, after being transferred from light to extended darkness, wild-type seedlings grown on sucrose or glucose elongated hypocotyls dramatically, but those grown without sugar or with non-metabolizable sugar such as mannitol showed very little hypocotyl elongation (Figure 1 ). The gin2-1 mutant plants had only slightly shorter hypocotyls (by 17.8%) on glucose medium and not significantly different hypocotyls (11.0%, p = 0.07) on sucrose medium compared to the wild-type ( Figures  1A and 1B) . In contrast, when TOR is inactivated by estradiolinducible RNAi suppression in tor-es seedlings [6] , the hypocotyl elongation response to sugar and darkness was greatly diminished (by 61%) compared to tor-es plants untreated with estradiol ( Figures 1C and 1D ). These results indicate that TOR plays an essential role in sugar-induced hypocotyl elongation in the dark, whereas HXK1 plays a very minor role in this sugar response.
TOR Activates the Brassinosteroid Pathway to Promote Plant Growth
To understand how TOR signaling regulates plant growth, we then analyzed transcriptome variations caused by suppressing TOR. Two independent transgenic RNAi lines (tor 5.2 and tor 6.3) were reported previously to silence TOR expression upon ethanol induction [17] . These plants showed short hypocotyls when grown in the dark in the presence of ethanol ( Figure S1A ). We analyzed the transcriptomes in the etiolated seedlings of these TOR-silenced lines using Complete Arabidopsis Transcriptome MicroArray (CATMA) arrays as previously described [18] . The results showed significant downregulation of brassinosteroid (BR)-regulated genes and BR-biosynthetic genes (DWF1 and DWF4) in TOR-silenced plants ( Figure S1B ). qRT-PCR analysis of tor-es plants showed estradiol-dose-dependent suppression of TOR expression (Figure 2A ), consistent with previous reports [19] . A similar decrease of expression levels was observed for several BR-induced genes, including PRE1, EXP1, EXP8, and SUAR-AC (Figure 2A ), which are known to be involved in BR promotion of cell elongation [9] . In addition, the expression levels of PRE1, EXP1, and EXP8 were decreased in wild-type seedlings grown on sugar-free medium but increased in seedlings grown on medium containing sucrose after dark treatment ( Figure 2B ), consistent with sugar activation of TOR. These results support a hypothesis that sugar-TOR signaling promotes hypocotyl elongation through activation of the BR pathway.
To further test the relationship between the TOR and BR pathways, we grew the plants on medium containing various concen- We then analyzed whether BR is required for sugar-and TOR-dependent hypocotyl elongation. In contrast to wild-type plants, the BR-deficient mutant det2-1 and the BR receptor mutant bri1-116 showed little response to sugar in their petiole or hypocotyl elongation ( Figures S2A-S2C ). The hypermorphic bzr1-1D mutation suppressed the elongation defect of bri1 ( Figure S2D ), suggesting that hypocotyl and petiole elongation in the dark requires both sugar and active BZR1. We further crossed bzr1-1D into the tor-es background and found that the bzr1-1D/tor-es plants grew much taller than the tor-es plants on estradiol medium (Figures 2G and 2H) , indicating that BZR1 acts downstream of TOR in promoting plant growth.
TOR Is Required for Sucrose Stabilization of BZR1 in the Dark
BR activates BZR1 by promoting its dephosphorylation, accumulation, and transport to the nucleus [20] . We performed immunoblot analysis of BZR1 in plants grown on different sugar media after a prolonged darkness treatment. In the absence of exogenous metabolizable sugar, prolonged darkness caused a dramatic decrease of the levels of both phosphorylated (the upper band) and dephosphorylated (the lower band) BZR1 compared to plants maintained under constant light ( Figure 3A) , consistent with data recently reported [21] . BZR1 accumulation recovered after plants were moved from dark back into light for 12 or 24 hr ( Figure 3A) . However, dark treatment did not decrease BZR1 protein level in plants grown on sugar-containing medium, but instead caused BZR1 dephosphorylation, whereas re-exposure to light for 12 or 24 hr recovered BZR1 phosphorylation status ( Figure 3B ). Measurement of BR levels indicated that 24 hr dark treatment increased the endogenous BR level by over 4-fold in sugar-grown seedlings (Table S1) , which is most likely the cause of BZR1 dephosphorylation. In contrast, the dark treatment decreased the BR level in seedlings grown on sugarfree medium (Table S1 ), consistent with their growth arrest. When sugar was added to seedlings that were grown without sugar and treated in the dark for up to 24 hr, BZR1 accumulation recovered within about 12 hr of sugar addition ( Figure 3C ), further proving that the degradation of BZR1 is due to sugar starvation. In the same sugar starvation condition, BR treatment increased the accumulation of dephosphorylated BZR1 ( Figure S3A ), consistent with BR rescue of the tor mutants ( Figures 2C-2D and S1C).
Sugar treatment had no obvious effects on BZR1 mRNA level ( Figure S3B ), suggesting that sugar affects BZR1 level through a translational or posttranslational mechanism. Consistent with this notion, the dominant mutation bzr1-1D, which causes a proline to leucine substitution in the putative PEST domain [12] , stabilized the BZR1 protein under starvation conditions ( Figure 3D ), suggesting that starvation induces BZR1 protein degradation through a mechanism that requires the PEST domain.
It has been reported that phytochrome-interacting factors (PIFs) are also required for sugar to promote hypocotyl elongation [22] [23] [24] . However, in contrast to BZR1, the PIF4 protein level in 35S::PIF4-YFP and PIF4::PIF4-Myc lines showed no big change after 12 hr of darkness but increased after treated by darkness for 24 hr in the absence of exogenous sugar compared to plants that remained under light ( Figures S4A-S4C ), whereas the level of internal BZR1 protein decreased dramatically after prolonged darkness ( Figure S4C) . Therefore, the growth arrest under this sugar-free and dark condition is correlated with a reduced BZR1 level, but not a reduced PIF4 level.
We then tested whether sugar stabilization of BZR1 requires TOR. Treatment of seedlings with AZD8055 (AZD), an ATPcompetitive inhibitor of TOR kinase activity [25, 26] , decreased the level of BZR1 protein, but not of bzr1-1D and PIF4, even on sugar-containing medium ( Figures 3E and S4D ). In addition, when the BZR1-CFP/tor-es plants grown on sucrose-containing medium were treated with estradiol in the dark for 12 or 24 hr, the BZR1 protein level decreased, whereas estradiol did not reduce BZR1 level in the wild-type background ( Figure 3F ). Furthermore, the T-DNA lines that overexpress TOR (oxTOR lines 7817 and G548) [17] accumulated increased level of BZR1 under sugar starvation conditions ( Figure 3G ). These results demonstrate that TOR is required and sufficient for sugar stabilization of BZR1.
TOR-Regulated BZR1 Degradation Is Dependent on Autophagy TOR inactivation by starvation is known to lead to autophagy [16, 27, 28] . There is also evidence that phosphorylated BZR1 is degraded by the proteasome [20] . To determine which of these mechanisms might be involved in TOR regulation of BZR1 degradation, we tested the effects of an inhibitor of autophagy, 3-methyladenine (3-MA) [29] , and the proteasome inhibitor MG132 on BZR1. The results show that treatment with 3-MA, but not MG132, prevented the estradiol-induced BZR1 degradation in the BZR1-CFP/tor-es plants ( Figures 4A and 4B ), suggesting that autophagy promoted BZR1 degradation when TOR was inactive. Consistent with a lack of MG132 effects, and in contrast to a recent report suggesting a role of the uniquitin E3 ligase COP1 in BZR1 degradation [30] , we found that BZR1 accumulates at a lower level in the cop1 mutant than that in the wild-type under both light and dark conditions ( Figure 4C ). Our results indicate the sugar starvation and inactivation of TOR cause BZR1 degradation through an autophagy-dependent mechanism. Table S1 .
DISCUSSION
Balancing of sugar supply and consumption is crucial for cellular homeostasis and sustained growth. Plants, as photoautotrophic organisms, generate sugars through photosynthesis, and the sugars provide an energy source and building blocks for growth. Plant growth, particularly shoot organ elongation, is driven by interdependent actions of several growth-promoting hormones, including BR, auxin, and gibberellin (GA) [2] . Our study shows that carbon availability controls the growth program through a TOR-dependent pathway that stabilizes the BR-signaling transcription factor BZR1. Our results further suggest that BZR1 degradation involves autophagy that is induced by TOR inactivation ( Figure 4D) .
A recent study showed that BR plays an essential role in sugarinduced growth response and that sugar stabilizes BZR1 [21] . Sugar is known to promote plant growth and biomass accumulation through at least two signaling pathways: the HXK1 pathway and the TOR pathway [31] . We observed a weak effect of gin2-1 and a strong defect of tor on sugar-promoted hypocotyl elongation, demonstrating that sugar promotes hypocotyl elongation mainly through the TOR pathway.
Our study provides strong evidence supporting that sugar-TOR signaling regulates hypocotyl elongation through the BR pathway, specifically by stabilizing BZR1. First, inactivation of TOR decreases BR synthesis and expression of BR-induced genes. Further, partial rescue of the short-hypocotyl phenotype of the tor mutant by BR and the bzr1-1D mutation suggests that the growth arrest of the tor mutant is due to insufficient BR signaling and BZR1 activity. Indeed, similar to starvation, inactivation of TOR causes BZR1 degradation. In contrast, overexpression of TOR reduced BZR1 degradation under starvation conditions. These results demonstrate that sugar activation of TOR leads to BZR1 accumulation and consequent activation of the BR-programmed transcriptome and cell elongation.
The mechanism by which TOR regulates BZR1 degradation involves the PEST domain of BZR1 and autophagy. The bzr1-1D mutation stabilizes BZR1 in the tor mutant, suggesting that TOR regulates the degradation of BZR1 through a posttranslational mechanism. The bzr1-1D mutation causes a substitution of Pro234 by leucine in a putative PEST domain. This mutation has been shown to enhance the interaction with PP2A, increasing BZR1 dephosphorylation and accumulation [12, 32] . Phosphorylation has been shown to increase BZR1 degradation by the proteasome [20] , and dark treatment tends to cause more dramatic decrease of the phosphorylated than the unphosphorylated BZR1 (Figure 3 ) [30] . BR treatment caused accumulation of unphosphorylated form of BZR1 in dark-treated plants (Figure S3A) , consistent with phosphorylation promoting BZR1 degradation under starvation conditions. Thus, the decrease of BR level by starvation may also contribute to increased phosphorylation and degradation of BZR1. The bzr1-1D mutation might directly disrupt interaction with a protease, or indirectly so by favoring association with PP2A and enhancing BZR1 dephosphorylation. A recent study proposed that the COP1 ubiquitin ligase mediates the degradation of phosphorylated BZR1 in light-grown plants shifted into darkness [30] . However, under our experimental conditions, inhibition of the proteasome or mutation of cop1 did not reduce BZR1 degradation, suggesting that COP1 does not mediate BZR1 degradation, which is consistent with COP1 and BZR1 both positively regulating cell elongation [2] . The results of our inhibitor experiments suggest that TOR inactivation causes degradation of BZR1 through a proteasome-independent but autophagy-dependent mechanism. Future studies will be required to elucidate how autophagy leads to BZR1 degradation and how the bzr1-1D mutation disrupts the degradation mechanism.
BR, auxin, light, and GA promote shoot cell elongation by controlling the BZR1, auxin response factor (ARF), PIF, and DELLA families of transcription regulators, respectively, which interact with each other and function in interdependent manners in a transcriptional module (the BAP/D module) [8] [9] [10] [11] . The observations of requirement for PIFs, auxin, GA, and BR in sugar-promoted hypocotyl elongation [14, [21] [22] [23] [24] 33] are consistent with the BAP/D module playing a central role in sugar-potentiated shoot organ elongation. However, our results show that PIF4 protein levels increase when light-grown seedlings are shifted into darkness on sugar-free medium ( Figure S4 ), suggesting that the growth arrest under such starvation conditions is not due to a reduced PIF level. Sugar has been shown to increase auxin levels [24, 33] and auxin has been shown to activate TOR, whereas TOR also promotes translation of some of ARFs [5] . Although the normal auxin-induced gene expression in the tor mutant suggests that loss of TOR does not compromise primary auxin signaling [6] , a recent study showed that inactivation of TOR reduces auxin synthesis and auxin-dependent gene expression and growth [34] . The inability of auxin to recover hypocotyl elongation of the tor mutant is consistent with TOR acting downstream of auxin in the regulation of hypocotyl elongation. Our genetic and molecular analyses demonstrate that activation of the BR pathway and stabilization of BZR1 is a major mechanism through which sugar-TOR signaling potentiates cell elongation.
In mammals, TOR is known to be an important regulator of translation [3] . In Arabidopsis, TOR has been shown to reprogram both translation and transcription [4, 6, 31] . Our results indicate that BZR1 may mediate TOR regulation of gene transcription and cell elongation. On the other hand, our observation that the bzr1-1D mutation stabilizes BZR1 in the tor mutant but only partially suppresses its growth-arrest phenotypes compared to the more complete rescue by BR treatment suggests that BR signaling may enhance additional BZR1-independent TOR-regulated processes such as protein translation. Our study demonstrates that regulation of BZR1 accumulation and dephosphorylation by the sugar-TOR and BR pathways, respectively, provides an integration mechanism that allows sugar to potentiate and gauge the steroid-promoted growth program. This, as well as potentially additional mechanisms of nutrient-hormone crosstalk, ensures the balance of growth with carbon availability in plants. 
